The influence of fluctuations in the grain size along the gage length on ductility is analyzed in the superplastic regime. It is demonstrated that these fluctuations produce a similar effect to that produced by variations in the initial uniformity of the sample, leading to premature necking. In order to reach superplastic elongations of 400%, fluctuations in grain size of less than 0.5% between two zones of the gage length are required. As an example, the superplastic behavior of an AZ61 alloy, processed by severe plastic deformation, SPD, with a heterogeneous microstructure, is analyzed when the grain boundary sliding mechanism controls deformation. It is found that neck formation is related to bands of fine grains that are formed during SPD processing due to the mechanism of recrystallization by rotation. Under these circumstances grain refinement is rendered unsuccessful. The present investigation emphasizes the importance of the microstructure homogeneity in developing grain refinement processing routes.
Introduction
In recent years most of the efforts on superplasticity studies in magnesium alloys concentrate on thermomechanical processing for the grain size refinement using methods of severe plastic deformation (SPD). Widely used methods of SPD are: Equal channel angular pressing (ECAP), 1, 2, 3, 4, 5 accumulative roll bonding (ARB) 6, 7 , large strain hot rolling (LSHR), ese 8 9 10 11 high pressure torsion (HPT), 12 extrusion, 13 14, 15, 16 17 and other. 18 19, 20, 21, 22 23 Recently, researchers implemented processing routes combining two or more of th processes in successive steps. 24, 25, 26 These methods have been demonstrated to be successful for obtaining grain sizes of about 1 m and deformations larger than 400%.
Nevertheless, minor attention has been given to the scattering of the superplastic elongations obtained by different processing routes or even by different researchers using similar routes.
As it is well known, a low stress exponent, n, is needed in order to achieve large deformations by preventing tensile instabilities. A large amount of data in superplastic deformation show that a low stress exponent, close to 2, is obtained when the mechanism controlling creep is grain boundary sliding (GBS). Under such circumstances the strain rate is given by the following power law equation: 
where C is a constant, E is the elastic modulus, D =D o exp(-Q/RT) is the appropriate diffusion coefficient, Q is the activation energy, R is the gas constant, T is the absolute temperature, b is the Burgers vector, d is the grain size, and p is the grain size exponent.
When GBS dominates at low stresses, n = 2, and p = 2 or 3, and Q = Q L (activation energy for lattice self-diffusion) or Q = Q gb (activation energy for grain boundary diffusion)
respectively. By refining the grain size the strain rate increases according to equation (1) and the GBS mechanism wins in competitiveness against the slip creep mechanism, which has a higher stress exponent.
Concerning the achievable elongations, failure in tension may occur by internal cavitation or external necking. From a mechanistic point of view if two samples have both n = 2 (although their grain sizes may be different and therefore its respective flow stresses) the strength to develop a necking is expected to be the same, and similar elongations should be expected for both samples. Experimental observations, however, demonstrate that finer grain sizes leads to larger elongations in magnesium alloys. This is probably due to a delayed grain growth effect: finer grain sizes take more time to grow to a size which produces the transition from GBS to slip creep loosing the superplastic properties of the material. Recently, it has been pointed out that this behavior could have a limit because a decrease of elongation seems to occur for nanocrystalline materials. 2) Texture differences in samples processed by different routes. There is a controversy on the literature about the texture effect on GBS. 30 However, in our recent work on texture effects on superplasticity of an AM60 alloy, 31 it was shown that there are not texture effects in the superplastic regime with n = 2.
3) Under some processing conditions samples with a non-equilibrium grain boundaries exhibit lower elongations than the alloy with equilibrium grain boundaries after an annealing treatment. In the present work it is demonstrated that minor fluctuations in the grain size along the sample length produces a similar effect to that caused by variations in the initial uniformity of the specimen leading to premature necking. This important factor is generally underestimated in superplasticity studies. This kind of heterogeneous microstructure is typical of SPD magnesium alloys and it depends strongly on the geometry of deformation, temperature, initial texture of the material, number of passes, etc. As discussed below, the development of a heterogeneous microstructure in magnesium alloys is related to their particular recrystallization mechanism. As an example, the deformation of an AZ61 alloy processed by LSHR, with a heterogeneous microstructure, is analyzed during superplastic deformation.
Experimental
The alloy used for this study was AZ61 (6%Al-1%Zn), provided by Magnesium
Elektron in the form of a sheet, 3 mm in thickness. The alloy was received in the condition AZ61-O (rolled and annealed). Samples in this conditions were subsequently processed by LSHR at 400ºC using three passes with, respectively, 10%, 30% and 60% thickness reductions with a re-heating of 10 min at 400ºC between passes.
The processed AZ61 alloy was compared with other AZ61 alloy processed by rolling as reported in previous investigations. 8, 9 This material was received as-extruded in the form of a sheet, 10 mm in thickness, with an initial grain size of 54 m, and processed by LSHR consisting of three passes of reductions of 20, 35 , and 55% at 375C, with a reheating of 10 min at 375ºC between passes. In both cases, rolling was carried out in a CarlWezer rolling mill, furnished with 13 cm diameter rolls rotating at 52 rpm. 
Results and Discussion

Analysis of the neck growth.
In the following, we first present an analysis of the effect of fluctuations in crosssectional area on elongation of the work of Avery and Stuart 36, 37. This analysis consists in the study of neck growth under the assumptions that n is constant and grain growth is negligible during deformation. Subsequently, this analysis is extended to analyze the formation of a necking zone due to an heterogeneous grain size along the gauge length.
In a simple form, equation (1) can be rewritten as:
Simultaneously, the strain rate is given by:
From equations (2) and (3) and taking into account that the stress is  = F/A:
Integrating over the time interval from zero to t corresponding to a given strain:
The right hand of this equation does not depend on the position along the specimen or on the grain size in a given position. The following two situations can be evaluated by means of equation (5): 1) At t = 0 a small neck of cross sectional area A o exist, and at time t it will have the area A. This situation is depicted in Fig. 1a 
) At t = 0 there are two zones of equal cross sectional area A o with different grain sizes d 1 2 and d 2 < d 1 . In this case, two parameters are needed to be defined for each zone:
his situation is depicted in Fig 1b. Furthermore, at time t the zone with fine grain size will T have the area A. The evolution of the cross sectional areas are related according to:
ading to: le
On the other hand, the relation A/A o of equations (7) and (10) is related to the ercentage elongation by: p
With the help of equations (7), (10) and (11) (Fig. 3a) . A basal texture predominates that is characteristic of hot rolled Mg alloys. 8 , , 10 11 After large strain rolling a partially recrystallized microstructure develops develops which is stable at this temperature up to times of 1 hour (Fig. 3c) . However, recrystallized microstructure shows traces of the deformation bands produced during rollin containing grains of about 2-3 m in diameter, which cross the thickness of the sample and zones of larger grain size, of about 7 m in size that remain from the original grains, Fig.   3d . This kind of heterogeneous microstructure is typical of LSHR magnesium alloys and it depends strongly on deformation geometry, rolling temperature, initial texture of the material, etc.
The development of a heterogeneous microstructure during high temperature deform bimoda on on ws the ation of magnesium is related to the recrystallization mechanisms in which new grains are formed at the old grain boundaries by a mechanism denominated "rotational recrystallization" leading to wider bands of fine grains as deformation increases. 8, 38, 39 The SPD processing tends to form bands of fine grains in the shear directions. A l banded microstructure is also observed in magnesium alloys after few ECAP passes as it is shown in Figs. 2 and 3 of Ref. 40 . As it can be seen the alloying content strongly affects the homogeneity of the ECAPed samples, higher concentrations of aluminum produces an increase of the localization of deformation and recrystallizati thinner bands and very fine grain sizes inside these bands. The AZ31 alloy is the most homogeneous of the AZ series under SPD processing, although the AZ31 alloy also sho larger grain sizes than others of the AZ series because its lower grain stability. Even if direction of the deformation is changed during processing, as occurs during ECAP by route Bc, there could be some heterogeneity of grain size due to the last ECAP pass. Figure 5 shows the stress vs. strain curves of the as-received and the processed materials. As it can be seen, the processing allows obtaining deformations close to 100% but considerably lower than expected for this fine microstructure. Additionally, a stress exponent of two was measured using the strain rate change test, insert of Fig. 5 .
The stress exponent points toward grain boundary sliding as the controlling mechanism. In contrast, the AZ61 alloy processed in Refs. 8 and 9, also shown in Fig 5, with a more homogenous microstructure, yields elongations of about 400% at the same testing conditions. and in the present work respectively. Figure 4a shows a uniform deformation with the characteristic diffuse necking, this result is attributed to the homogeneity of the microstructure. Conversely, Fig. 4b shows considerable non-uniformity or undulations along the gage length; the variation in the transversal area along the gauge length is also shown (the test of Fig. 4b sample was interrupted once the necking was formed, previously to the fracture). Necking was often observed in more than one place along the gauge length of the sample. The microstructure of the sample shown in Fig. 4b presents a finer grain size in the necking zone, Fig. 4c , than in the rest of the sample, Fig. 4d . Moreover, there is practically no cavitation in the necking zone indicating that its origin cannot be attributed to localized damage caused during processing.
Another aspect to consider is the effect on ductility of grain growth during deformation and the role of bi-modal grain size distributions. As it can be seen by comparison of Fig. 3d and Fig. 4c-d some grain growth occurs during deformation. It is well known that enhanced grain growth occurs during superplasticity and it may occur that, if deformation is larger in the zones of fine grain size, the grain growth stimulated in this zones acts as a strain hardening, through equation (1), avoiding the progress of the tensile instability. It is a matter of speculation, however, to estimate the influence of this mechanism on elongation. In the present case, it is found that grain growth in the fine grain zones is insufficient to produce such effects.
On the other hand, it has been shown in Ref. 25 that bimodal microstructures yield excellent superplastic properties. It is contentious that two scale lengths should be considered regarding the grain structure: a microscale where few grains are considered in small regions and a large scale that comprises the entire gauge length of the sample.
Heterogeneities in the microscale, for instance in the form of a bimodal distribution, should not affect the ductility whereas heterogeneities in the large scale, for instance in the form of grain size gradients, should have a detrimental effect on ductility.
Conclusions
It has been shown that grain size gradients in the form of bands of fine grains across the sample increase the tensile instabilities. This impedes the attainment of large elongations, despite of the high strain rate sensitivity of these samples. In the present work, it is demonstrated that minor fluctuations in the grain size along the sample length produces a similar effect to that of the variations in initial uniformity of the sample, leading to premature necking. The mathematical analysis shows that a very restrictive condition of grain size uniformity rules the growth of this kind of neck. Elongations larger than 400% are reached under the condition that the fluctuations in grain size are less than 0.5% between two zones of the gauge length. Additionally, the superplastic properties of an AZ61 alloy processed by SPD with a heterogeneous microstructure are analyzed at strain rates when grain boundary sliding controls deformation. It is found that the formation of necking is related to bands of fine grains in the processed material. Under these circumstances grain refinement processing is rendered unsuccessful. The present investigation emphasizes the importance of the evaluation of the microstructure homogeneity in developing grain refinement processing routes.
